Glutathione (GSH) plays an important role in a multitude of cellular processes, including cell differentiation, proliferation, and apoptosis, and as a result, disturbances in GSH homeostasis are implicated in the etiology and/or progression of a number of human diseases, including cancer, diseases of aging, cystic fibrosis, and cardiovascular, inflammatory, immune, metabolic, and neurodegenerative diseases. Owing to the pleiotropic effects of GSH on cell functions, it has been quite difficult to define the role of GSH in the onset and/or the expression of human diseases, although significant progress is being made. GSH levels, turnover rates, and/or oxidation state can be compromised by inherited or acquired defects in the enzymes, transporters, signaling molecules, or transcription factors that are involved in its homeostasis, or from exposure to reactive chemicals or metabolic intermediates. GSH deficiency or a decrease in the GSH/glutathione disulfide ratio manifests itself largely through an increased susceptibility to oxidative stress, and the resulting damage is thought to be involved in diseases, such as cancer, Parkinson's disease, and Alzheimer's disease. In addition, imbalances in GSH levels affect immune system function, and are thought to play a role in the aging process. Just as low intracellular GSH levels decrease cellular antioxidant capacity, elevated GSH levels generally increase antioxidant capacity and resistance to oxidative stress, and this is observed in many cancer cells. The higher GSH levels in some tumor cells are also typically associated with higher levels of GSH-related enzymes and transporters. Although neither the mechanism nor the implications of these changes are well defined, the high GSH content makes cancer cells chemoresistant, which is a major factor that limits drug treatment. The present report highlights and integrates the growing connections between imbalances in GSH homeostasis and a multitude of human diseases.
Introduction
Glutathione (GSH) is required for many critical cell processes, but plays a particularly important role in the maintenance and regulation of the thiol-redox status of the cell (Meister and Anderson, 1983; Meister, 1984; DeLeve and Kaplowitz, 1990; Wang and Ballatori, 1998; Sies, 1999; Hammond et al., 2001; Schafer and Buettner, 2001; Ballatori et al., 2005) . The redox state of the GSH/ glutathione disulfide couple (GSH/GSSG) can serve as an important indicator of redox environment (Schafer and Buettner, 2001; Jones, 2006; Kemp et al., 2008) , and changes in this couple appear to correlate with cell proliferation (Shaw and Chou, 1986; Suthanthiran et al., 1990) , differentiation (Esposito et al., 1994; Hansen et al., 2001; Nkabyo et al., 2002; Kim et al., 2004a; Huh et al., 2005) , or apoptosis (Hammond et al., 2001; Ballatori et al., 2005; Won and Singh, 2006; Garcia-Ruiz and Fernandez-Checa, 2007; Sykes et al., 2007) . Of significance, there is growing evidence that the reversible formation of mixed disulfides between GSH and low-pK a cysteinyl residues of proteins (S-glutathionylation) is an important mechanism for dynamic, posttranslational regulation of a variety of regulatory, structural, and metabolic proteins, and for the regulation of signaling and metabolic pathways in intact cell systems (Dalle-Donne et al., 2007; Ghezzi and Di Simplicio, 2007; Mieyal et al., 2008) .
GSH also plays a central role in cell death, including apoptotic cell death. GSH levels have been shown to influence caspase activity, transcription factor activation, Bcl-2 expression and function, ceramide production, thiol-redox signaling, and phosphatidylserine externalization. Another remarkable feature of cells undergoing apoptosis is that they rapidly and selectively release a large fraction of their intracellular GSH into the extracellular space (van den Dobbelsteen et al., 1996; Ghibelli et al., 1998; Oda et al., 1999; Hammond et al., 2004 Hammond et al., , 2007 . Although GSH extrusion may provide a simple mechanism to circumvent the normally protective functions of GSH, there is increasing evidence that GSH export is required for activation of specific apoptotic signaling pathways and/or for proper dismantling of cellular components (Coppola and Ghibelli, 2000; Hammond et al., 2001) . GSH export may also be required for the co-transport of apoptotic signaling molecules, although there is little evidence for this hypothesis.
Given the many important cellular processes that are influenced by GSH levels, it is not surprising that alterations in GSH homeostasis have been implicated in the etiology and/or progression of a number of human diseases (Cerutti, 1985; Townsend et al., 2003; Liu et al., 2004; Ballatori et al., 2005; Estrela et al., 2006; Franco et al., 2007; Kinnula et al., 2007; Reynolds et al., 2007; Seifried, 2007; Vali et al., 2007; Valko et al., 2007) . However, given the many roles played by GSH, it has been difficult to ascribe causal relationships between changes in GSH levels or redox state and development of disease. The present report summarizes advances in the field, and integrates findings from diverse disciplines to elucidate possible common mechanisms and pathways that contribute to human disease.
GSH homeostasis
Under normal conditions, cellular GSH levels are regulated by two major mechanisms: by controlling the rates of its synthesis and of its export from cells; however, GSH levels are also influenced by agents or conditions that alter the thiol redox state, that lead to the formation of glutathione S-conjugates or complexes, and/or that disrupt the distribution of GSH among various intracellular organelles. In addition, GSH levels are affected by the nutritional status and hormonal/stress levels, they exhibit developmental and diurnal variations, and are affected by certain physiological states, including pregnancy and exercise (Meister and Tate, 1976; Isaacs and Binkley, 1977; Hahn et al., 1978; Meister and Anderson, 1983; Lauterburg et al., 1984; DeLeve and Kaplowitz, 1990; Uhlig and Wendel, 1992; Kemp et al., 2008) .
The synthesis and catabolism of GSH and its adducts occurs by a regulated series of enzymatic and plasma membrane transport steps that are collectively referred to as the g-glutamyl cycle ( Figure 1 ) (Meister and Tate, 1976; Meister and Anderson, 1983) . GSH is synthesized in every cell of higher eukaryotes, although GSH synthesis and turnover rates and intracellular concentrations differ among cells and tissues (Meister and Tate, 1976; Hahn et al., 1978; Meister and Anderson, 1983; Lauterburg et al., 1984; Uhlig and Wendel, 1992) . GSH is synthesized in the cell cytosol from its precursor amino acids by the ATP-requiring enzymes g-glutamylcysteine ligase and GSH synthetase ( Figure 1A ). The rate of GSH synthesis is controlled largely by the expression and catalytic activity of the first enzyme in its biosynthesis, g-glutamylcysteine ligase, and by the availability of cysteine (Meister and Tate, 1976; Meister and Anderson, 1983; Dalton et al., 2004; Dickinson et al., 2004) . g-Glutamylcysteine ligase expression is subject to regulation by Nrf2, a transcription factor that regulates a wide array of antioxidant responsive element-driven genes in various cell types, and thus plays a central role in cellular antioxidant defenses (Wild and Mulcahy, 2000; Jaiswal, 2004; Lee and Johnson, 2004) .
Within the cell, the tripeptide exists mainly ()98%) in the thiol-reduced form (GSH), but some is also present as GSSG, as well as a variety of thioether, mercaptide or other thioester forms (glutathione S-conjugates) ( Tables  1 and 2) . After its synthesis, GSH is delivered to other intracellular compartments, including mitochondria, endoplasmic reticulum, nucleus, and to the extracellular space (e.g., blood plasma and bile) for utilization by other cells and tissues ( Figure 1B ). GSH transport into mitochondria appears to be mediated in part by the dicarboxylate carrier (Slc25a10) and the oxoglutarate carrier (Slc25a11) (Lash, 2006) , whereas transport into the nucleus probably occurs by passive diffusion through the nuclear pores. The mechanism of GSH transport into the endoplasmic reticulum remains undefined, although a role for the ryanodine receptor channel in skeletal muscle sarcoplasmic reticulum membranes has been suggested (Csala et al., 2003) .
In contrast to GSH synthesis, which occurs intracellularly, GSH degradation occurs exclusively in the extracellular space, and in particular, on the surface of cells that express the ectoenzyme g-glutamyl transpeptidase (also called g-glutamyl transferase) ( Figure 1C ). g-Glutamyl transpeptidase, which is abundant on the apical surface of most transporting epithelia, including liver canalicular and bile ductular membranes, is the only enzyme that can initiate catabolism of GSH and GSH-containing molecules (e.g., GSSG, glutathione S-conjugates, and glutathione complexes) under physiological conditions. g-Glutamyl transpeptidase is a heterodimeric glycoprotein that catalyzes the hydrolysis and transpeptidation of the g-glutamyl group of GSH and related compounds. In the adult animal, high levels of g-glutamyl transpeptidase are constitutively expressed in the kidney, intestine, and epididymis. This enzyme is expressed in a tissue-specific and developmental stage-specific pattern and is induced by various xenobiotics (Ikeda and Taniguchi, 2005) . This differential expression of g-glutamyl transpeptidase is conferred by different promoters in the 59-untranslated regions of mRNAs generated in different tissues and at different stages of development (Ikeda and Taniguchi, 2005) .
Because g-glutamyl transpeptidase is a plasma membrane-bound enzyme with its active site on the extracellular surface of the membrane, export of GSH and its adducts into the extracellular space is the initial and presumably regulated step in their turnover in all mammalian cells. Despite the importance of this transport step, relatively little is known at the molecular level about plasma membrane GSH transporters (Ballatori et al., 2005 (Ballatori et al., , 2008 . The paucity of information is explained in large part by a number of practical and theoretical limitations that have hampered the functional and molecular characterization of GSH transporters (Ballatori et al., 2005 (Ballatori et al., , 2008 .
Once GSH and GSH-containing compounds are released from cells there are efficient intra-and interorgan cycles of glutathione degradation and utilization ( Figure 1D ) (Ballatori et al., 2005) . In the liver, a major site of GSH metabolism, this consists of: (i) extensive catabolism of GSH within biliary spaces (Ballatori et al., 1986b (Ballatori et al., , 1988 , as well as within sinusoidal compartments of some species Ballatori, 1990, 1994) , (ii) direct hepatic reabsorption of some of the breakdown products (Ballatori et al., 1986a (Ballatori et al., , 1988 Simmons et al., 1991 Simmons et al., , 1992 , and (iii) intracellular utilization of the amino acids, or conversion of cysteine S-conjugates to mercapturic acids, i.e., N-acetylcysteine S-conjugates (Hinchman et al., , 1993 (Hinchman et al., , 1998 . As noted above, this complex series of GSH synthetic, catabolic, and transport steps is referred to as the g-glutamyl cycle, and is intimately associated with the functions of the tripeptide. Some of the functions of this cycle include regulation of GSH turnover, thiol-redox status of the cell, mercapturic acid biosynthesis, as well as metal transport and excretion.
An additional function of GSH transport into hepatic bile is to serve as a primary osmotic driving force in bile formation (Ballatori and Truong, 1989, 1992) . GSH is the most abundant organic molecule in bile at a concentration of 8-10 mM. The concentration of free (non-micelle associated) bile acids in rat hepatic bile is lower (only 1-3 mM), and bile pigments are approximately 1 mM. The high GSH concentration in canalicular bile coupled with its hydrophilic character (high osmotic reflection coefficient) generates a potent osmotic driving force for bile secretion (Ballatori and Truong, 1992) . The hydrolysis of GSH into its constituent three amino acids within biliary spaces effectively delivers three osmolar equivalents to bile, which drives the uptake of water through the paracellular pathway, or across the hepatocyte via a nonchannel-mediated pathway, and consequently fuels bile flow. for an earlier review of this topic. Table 2 identifies some of the proteins that can form glutathione S-conjugates in mammals. Please see Dalle-Donne et al. (2007) , Ghezzi and Di Simplicio (2007) , and Mieyal et al. (2008) for reviews of this topic.
When exposed to oxidant stress or electrophilic chemicals, GSSG and glutathione S-conjugates are generated within the cell. These chemical reactions have been extensively characterized for a multitude of foreign chemicals, but they are also critical for the detoxification of endogenous reactive intermediates and, more importantly, for the formation of specific biological mediators (Wang and Ballatori, 1998) . For example, GSH forms thioether conjugates with leukotrienes, prostaglandins, hepoxilin, nitric oxide, hydroxyalkenals, ascorbic acid, dopa, dopamine, and maleic acid, and it forms thioesters with cysteine, coenzyme A, proteins, and other cellular thiols (Tables 1 and 2) . GSH also binds endogenous metals, such as Cu, Se, Cr, and Zn via non-enzymatic reactions (Table 1) . Of significance, the reversible glutathionylation of cellular peptides and proteins is increasingly recognized as major cell signaling and regulatory mechanism (Dalle-Donne et al., 2007; Ghezzi and Di Sim-plicio, 2007; Mieyal et al., 2008) . A variety of enzymes, transcription factors, signaling proteins, growth factors, ion channels, and cytokines are reported to undergo reversible glutathionylation (Table 2) . Currently, no enzyme has been shown to serve as a catalyst of Sglutathionylation in situ, although roles for human glutaredoxin-1 (GRX1; Figure 1D ), and for the pi isoform of glutathione-S-transferase have been proposed (Mieyal et al., 2008 ). Deglutathionylation appears to be catalyzed by the glutaredoxins (GRXs; Figure 1D ), with perhaps a contribution by the thioredoxins. Recent studies provide strong evidence that protein S-glutathionylation is an important post-translational modification, providing protection of protein cysteines from irreversible oxidation and serving to transduce redox signals (Dalle-Donne et al., 2007; Ghezzi and Di Simplicio, 2007; Kemp et al., 2008; Mieyal et al., 2008) .
After their synthesis within the cell, GSSG and glutathione S-conjugates may be exported from cells, a process that is mediated mainly by the multidrug resistance-associated proteins (MRP/ABCC). A total of nine functional MRP genes have been identified (MRP1/ ABCC1 to MRP9/ABCC9), although the physiological functions of many MRPs remain undefined (Borst and Oude Elferink, 2002; Kruh et al., 2007) . In general, the MRPs function as organic anion export pumps, and they appear to have broad and partially overlapping substrate specificity. Many of the MRPs accept glutathione S-conjugates as substrates (Ballatori et al., 2008) .
Recent studies have provided evidence for the existence of at least two classes of plasma membrane GSH exporters (Ballatori et al., 2005 (Ballatori et al., , 2008 . First, a role for the MRP proteins in GSH transport was indicated by studies in the yeast Saccharomyces cerevisiae (Rebbeor et al., 1998a (Rebbeor et al., ,b, 2002 , by studies in hepatocyte membranes from the liver of the little skate (Rebbeor et al., 2000) , and by studies utilizing membrane vesicles isolated from yeast and from rat liver (Rebbeor et al., 2002) . The studies in yeast provided the first direct evidence for ATPdependent, low-affinity transport of GSH in any cell type (Rebbeor et al., 1998a) , and demonstrated that this ATPdependent GSH transport in yeast is mediated by Ycf1p, the yeast ortholog of mammalian MRP1 and MRP2 (Rebbeor et al., 1998b) . Because Ycf1p is structurally and functionally homologous to MRP1 and MRP2, these data indicated that GSH efflux from mammalian cells could be mediated in part by these proteins. Second, rat Oatp1, the sinusoidal organic solute uptake transporter, was shown to function as a GSH/organic solute exchanger (Li et al., 1998) , and thus could potentially contribute to GSH release from cells. However, studies with other members of the OATP family of proteins have failed to identify a comparable GSH requirement for transport. For example, recent studies with two human OATPs demonstrated no role of GSH in their transport mechanism (Mahagita et al., 2007) .
Studies in rat liver canalicular membrane vesicles provided the first direct evidence for GSH transport on Mrp2 (Rebbeor et al., 2002) . Rebbeor et al. (2002) demonstrated that the inability to detect ATP-dependent GSH transport in previous studies with mammalian plasma membrane vesicles was due in part to the inhibitory effect of dithiothreitol (DTT) on Mrp2-mediated transport. DTT is a reducing agent that is normally added to prevent GSH oxidation in membrane vesicle studies. Because all previous studies of GSH transport utilized high concentrations of DTT or other reducing agents, they probably underestimated GSH transport rates. Thus, these results demonstrate that both rat Mrp2 and its yeast ortholog, Ycf1p, are able to transport GSH by an ATP-dependent, low-affinity mechanism (Rebbeor et al., 2002) .
Support for a role of Mrp1 and Mrp2 in GSH export is provided by studies in knockout mouse models. Measurements of GSH levels in tissues of mice deficient either in Mrp1, Mrp2, or Cftr, reveal that these mice have altered GSH levels (Lorico et al., 1997; Velsor et al., 2001; Chu et al., 2006; Kruh et al., 2007) . Lorico et al. (1997) reported that GSH levels are approximately 20-40% higher in tissues of Mrp1 -/-mice that normally express relatively high levels of this protein. In Mrp2-deficient rats and mice, hepatic GSH levels are increased approximately 2-fold (e.g., Ballatori et al., 1995; Chu et al., 2006) . In Cftr -/-mice, the epithelial lining fluid GSH concentration is slightly lower than that of wild type mice, but the GSH concentration in the lung tissue is not affected (Velsor et al., 2001 ). Because Mrp1 is expressed in all tissues, it may play a ubiquitous role in GSH export from all cells, whereas Mrp2 is expressed in only a few cell types, and thus can only contribute to GSH export in those cells (Ballatori et al., 2008 ).
GSH and human diseases
As noted above, maintaining proper GSH levels, turnover rates, and oxidation state are important for a number of critical cell functions, and disruptions in these processes are observed in many human pathologies. GSH deficiency manifests itself largely through an increased susceptibility to oxidative stress, and the resulting damage is thought to be a key step in the onset and progression of many disease states. Conversely, elevated GSH levels generally increase antioxidant capacity and resistance to oxidative stress, and this is observed in many types of cancer cells.
The importance of GSH to human diseases is perhaps best illustrated by the multitude of diseases that are observed in patients with inborn errors in GSH metabolism (Table 3) . As summarized by Njå lsson and Norgren (2005) and Ristoff and Larsson (2007) , of the six enzymes in the g-glutamyl cycle, diseases have been associated with defects in five of the enzymes, namely g-glutamylcysteine ligase, glutathione synthetase, g-glutamyl transpeptidase, dipeptidase, and 5-oxoprolinase. The only enzyme that has not yet been associated with disease is g-glutamyl cyclotranferase. These inborn errors of GSH metabolism are relatively rare, but when they do occur the resulting phenotype can be quite dramatic (Table 3) . Indeed, patients with severely compromised GSH levels die early in life, usually before birth (Njå lsson and Norgren, 2005; Ristoff and Larsson, 2007) .
A deficiency in the first and rate-limiting enzyme in GSH synthesis, namely g-glutamylcysteine ligase, is a very rare autosomal recessive disease characterized by , 2007) . g-Glutamylcysteine ligase is a dimer consisting of a heavy (catalytic) and a light (modifier) subunit. Although the heavy subunit by itself can catalyze the formation of L-g-glutamyl-L-cysteine, binding with the modifier subunit enhances the enzyme activity by lowering the K m for glutamate and ATP, and increasing the K i for GSH inhibition. Knockout mice have been created for both the catalytic and modifier subunits (Dalton et al., 2000; Shi et al., 2000; Yang et al., 2002) . Mice lacking the modifier subunit (Gclm -/-mice) are viable and fertile and have no overt phenotype under basal conditions; however, GSH levels in liver, lung, pancreas, erythrocytes, and plasma of these animals are 9-16% of that of wild type littermates, and cysteine levels are 9%, 35%, and 40% of that of wild type mice in kidney, pancreas, and plasma, respectively, but are unchanged in the liver and erythrocytes (Yang et al., 2002) . Of significance, the decrease in GSH combined with diminished g-glutamylcysteine ligase activity in these animals, renders Gclm -/-fetal fibroblasts strikingly more sensitive to chemical oxidants (Yang et al., 2002) . In contrast to mice lacking the regulatory subunit of g-glutamylcysteine ligase, mouse embryos lacking the catalytic subunit fail to gastrulate and die before day 8.5 of gestation (Dalton et al., 2000; Shi et al., 2000) .
The second step of GSH biosynthesis is catalyzed by glutathione synthetase, which adds glycine to the preformed g-glutamylcysteine dipeptide. Glutathione synthetase deficiency is the most frequently recognized disorder of GSH metabolism, although it is also a comparatively rare disease (Njå lsson and Norgren, 2005; Ristoff and Larsson, 2007) . Patients with mild glutathione synthetase deficiency often have mutations that affect the stability of the enzyme, and these patients display a compensated hemolytic anemia. Patients with moderate to severe glutathione synthetase deficiency typically have mutations that affect the catalytic properties of the enzyme. Moderate glutathione synthetase deficiency leads to hemolytic anemia and metabolic acidosis, whereas patients with a more severe deficiency also develop 5-oxoprolinuria, recurrent bacterial infections, and progressive dysfunction of the central nervous system, including mental retardation and motor functional disturbances. Some individuals also have retinal pigmentations and pathological electroretinograms. There is no cure for this disease. Patients are given vitamins C and E to boost antioxidant levels and bicarbonate to correct the metabolic acidosis. The metabolic acidosis and the 5-oxoprolinuria in these patients are explained by the decreased feedback inhibition of g-glutamylcysteine ligase resulting from the lower GSH levels. Under these conditions, the enzyme g-glutamylcysteine ligase continues to produce large quantities of g-glutamylcysteine, which is converted by g-glutamyl cyclotransferase into 5-oxoproline ( Figure 1C ). The overproduction of 5-oxoproline exceeds the capacity of its degradative enzyme, 5-oxoprolinase, and 5-oxoproline therefore accumulates in body fluids and is excreted in the urine.
The third enzyme of the g-glutamyl cycle is the ectoenzyme g-glutamyl transpeptidase, which cleaves the glutamate residue from GSH and GSH-containing molecules ( Figure 1C ). Humans with g-glutamyl transpeptidase deficiency have been reported, and these individuals display increased glutathione concentration in urine (glutathionuria) and in blood plasma, and some display central nervous system abnormalities. The glutathionuria is due to their inability to break down the GSH that is both filtered and secreted in renal tubular fluid. Mice deficient in g-glutamyl transpeptidase have been generated, and these animals exhibit glutathionuria, glutathionemia, growth failure, cataracts, lethargy, shortened life span, and infertility (Lieberman et al., 1996; Kumar et al., 2000) . No therapy has been approved for human use, although continuous supplementation with N-acetylcysteine restores fertility and extends the life span of the knockout mice (Lieberman et al., 1996; Kumar et al., 2000) .
Hydrolysis of cysteinylglycine and of cysteinylglycine S-conjugates formed from the g-glutamyl transpeptidase-mediated degradation of GSH and GS conjugates, respectively, is mediated by various dipeptidase activities, including the plasma membrane-bound ectoenzyme aminopeptidase N ( Figure 1C ), and cytosolic leucyl aminopeptidase (Jö sch et al., 2003) . To date, only a single patient has been identified with suspected deficiency in dipeptidase activity (Njå lsson and Norgren, 2005; Ristoff and Larsson, 2007) . This case was a 15-year-old boy who presented with mental retardation, mild motor impairment, and partial deafness (Mayatepek et al., 2005) . Biochemical investigations showed a normal level of cysteinylglycine in plasma, an abnormal urinary profile with markedly increased excretion of cysteinylglycine and leukotriene D4 (LTD4). The urinary concentration of LTD4, which is usually not detectable in urine, was highly increased, whereas LTE4, the major urinary leukotriene metabolite in humans, was absent in this patient.
5-Oxoprolinase catalyzes the ring opening of 5-oxoproline to yield glutamate ( Figure 1D ). 5-Oxoprolinase deficiency is a very rare autosomal recessive disease characterized by 5-oxoprolinuria, and a very heterogeneous clinical presentation, including renal stone formation, enterocolitis, mental retardation, neonatal hypoglycemia, microcytic anemia, and microcephaly (Njå lsson and Norgren, 2005; Ristoff and Larsson, 2007) .
Neurodegenerative diseases
As noted above, central nervous system dysfunction has been observed in all diseases related to inborn errors of GSH metabolism, suggesting that the brain is particularly susceptible to alterations in GSH homeostasis. The reason for this sensitivity is unknown, although two general possibilities may be considered, namely the high susceptibility of the brain to oxidative stress due to its high oxygen consumption, and the possibility that GSH may be a neuromodulator or neurotransmitter and may thus be essential for central nervous system activities.
Note that although the brain represents only approximately 2% of the body weight in humans, it consumes approximately 20% of the total oxygen, and approximately 90% of this oxygen is utilized by mitochondria to produce ATP. Unfortunately, some of the oxygen consumed in mitochondria is converted to reactive oxygen species rather than to water (Richter, 1992) . Under certain pathological states of mitochondrial dysfunction, this rate of conversion to reactive oxygen species may increase as a result of leakage of electrons from the electron transport chain and the subsequent reduction of oxygen to superoxide. Consistent with this general mechanism, oxidative stress is a major proposed pathogenic mechanism for neurodegenerative disorders in which mitochondrial defects have been reported, including Parkinson's, Huntington's, and Alzheimer's diseases. Lipid peroxidation and damage to DNA and other proteins have been detected in samples from such patients.
As in other tissues, the brain is equipped with defense mechanisms against reactive oxygen species, including the antioxidant enzymes superoxide dismutase, glutathione peroxidase and catalase, along with GSH: however, GSH levels in the brain are low when compared to other tissues and are cell-type dependent. For example, GSH concentrations in neurons (approximately 2.5 mM) are relatively low when compared to astrocytes (approximately 3.8 mM) or some other cell types (Bolanos et al., 1995; Rice and Russo-Menna, 1998) , probably as a result of the lower specific activity for g-glutamylcysteine ligase in neurons (Gegg et al., 2003) . This difference may account for part of the greater inherent sensitivity of neurons to many toxic insults. Interestingly, astrocytes are able to share GSH with neighboring neurons by releasing GSH into the extracellular space (Hirrlinger et al., 2002c) . This export step appears to be mediated in part by MRP1. From this shared extracellular microenvironment, GSH is cleaved by g-glutamyl transpeptidase on the astrocytic plasma membrane to generate precursors for neuronal GSH synthesis. In contrast to astrocytes, neurons, microglia, and oligodendrocytes do not readily release GSH (Hirrlinger et al., 2002c) , and this is likely explained by the low level expression of MRP1 in these cell types (Hirrlinger et al., 2002a) . Thus, astrocytes are major contributors to the extracellular levels of GSH in the brain. Using in vivo microdialysis, extracellular GSH levels of approximately 2 mM were reported for rat brain, which are low when compared to blood plasma levels of 5-20 mM (Yang et al., 1994; Han et al., 1999) . Consistent with a neuroprotective role, reductions in GSH levels are reported in patients and animal models of various neurodegenerative disorders. As detailed below, there is growing evidence for a role of GSH in the pathogenesis of Parkinson's disease, whereas conflicting results have been reported for Alzheimer's disease.
Alzheimer's disease, characterized by impairments in memory and cognition, is a progressive neurodegenerative disorder that represents the most common form of dementia in the elderly. Increasing age and genetic mutations are both risk factors for Alzheimer's disease, and only approximately 5% of Alzheimer's disease cases are inherited in an autosomal dominant manner. Mutations in genes encoding amyloid precursor protein or amyloid precursor protein processing proteins presenilin-1 or presenilin-2 constitute the familial forms of Alzheimer's disease. The remaining cases of Alzheimer's disease are sporadic with unknown etiology. In both familial and sporadic forms of Alzheimer's disease, the neuropathology is characterized by the loss of pyramidal neurons in the hippocampus and cortex as well as cholinergic neurons in the basal forebrain. Depositions of extracellular amyloid plaques and intracellular neurofibrillary tangles in the hippocampus and cortex are striking features of Alzheimer's disease. Oxidative stress is proposed as a major pathogenic mechanism in Alzheimer's disease (Liu et al., 2004; Viñ a et al., 2004 ). Alzheimer's disease patients show increased blood markers of oxidative stress, including increased oxidation of red blood cells glutathione, and this is correlated with the cognitive status of the patients (Viñ a et al., 2004) . On the other hand, measurements of GSH levels in brains of Alzheimer's disease patients have yielded contradictory results. GSH levels were reported to be lower in the substantia innominata and the cingulated cortex in brain samples of Alzheimer's disease patients by Gu et al. (1998) , whereas Perry et al. (1987) failed to detect changes in GSH levels in these same brain regions, and Adams et al. (1991) found higher GSH levels in the hippocampus of post-mortem samples from Alzheimer's disease patients. Variables, such as differences in techniques and quality of post-mortem samples, between laboratories may account for these discrepancies. In an attempt to avoid using post-mortem samples, Liu et al. (2005) collected fresh red blood cells and assessed the GSH content of the cells. Interestingly, they detected significantly lower GSH levels in male patients, but not female patients with Alzheimer's disease (Liu et al., 2005) , complicating the interpretation of the involvement of GSH in the pathogenesis of Alzheimer's disease.
Parkinson's disease is the second most common neurodegenerative disorder. Parkinson's disease is characterized by the loss of dopaminergic neurons in the substantia nigra pars compacta, leading to a loss of dopamine in the striatum (Dauer and Przedborski, 2003) . Although Parkinson's disease has been described for more than 200 years, the basis for the disease remains largely unknown. Five genes have recently been identified as possible contributors (namely SNCA, Parkin, DJ1, PINK1, and LRRK2); however, these genetic mutations represent only a small fraction (-10%) of patients with Parkinson's disease.
Environmental toxicants have long been hypothesized to play a dominant role in the sporadic cases of Parkinson's disease, and oxidative stress has been proposed as a major mechanism of cell death in Parkinson's disease (Beal, 2002; Jenner, 2003) . In experimental animal models of the disease, the sources of oxidative stress are from both the intracellular and extracellular compartments (Tieu et al., 2003) . Extracellularly, superoxide can be released by activated NADPH-oxidase in microglia, and this extracellular superoxide may react with nitric oxide generated by neuronal nitric oxide synthase and microgial inducible nitric oxide synthase to produce the more stable and reactive peroxynitrite. Intracellularly, superoxide can be generated via the disruptions of mitochondrial respiration. Relevant to this latter pathogenic mechanism, reduction in the mitochondrial complex I activity has been reported in samples from Parkinson's disease patients (Parker et al., 1989; Schapira et al., 1990) .
The role of oxidative stress in Parkinson's disease is further highlighted by the observation that GSH content is significantly lower (ca. 40%) in the substantia nigra of Parkinson's disease patients (Sian et al., 1994) . At the cellular level, surviving nigral dopaminergic neurons display a significant loss of GSH (Pearce et al., 1997) . Although the mechanism of this decrease has not been established, it is unlikely secondary to neuronal loss or drug treatment. Because the nigrostriatal region is rich in dopamine, it is possible that oxidized dopamine causes the depletion of GSH, and indeed, intrastriatal injection of dopamine causes a significant decrease in GSH levels (Rabinovic and Hastings, 1998) , probably through the interactions of dopamine quinone with GSH and/or cysteine (Spencer et al., 1998; Hirrlinger et al., 2002b) . In genetic models of Parkinson's disease, astrocyte cultures from Parkin knockout mice have lower levels of GSH than those from wild type animals (Solano et al., 2008) . The significance of GSH depletion is further demonstrated by the death of dopaminergic cells in Drosophila models with Parkin mutation (Whitworth et al., 2005) or with overexpression of a-synuclein (Trinh et al., 2008) .
Interestingly, GSH depletion has also been reported in recent studies aimed at inhibiting mitochondrial complex I activity through S-nitrosylation of this electron transport chain subunit (Burwell et al., 2006; Chinta et al., 2007) . This effect of GSH depletion, however, is unlikely the primary cause of mitochondrial defect in patients with Parkinson's disease because complex I deficiency is widespread in various tissues (Parker et al., 1989; Schapira et al., 1990) , whereas GSH loss is only detected in the substantia nigra (Sian et al., 1994) . Furthermore, depletion of GSH alone may not be sufficient to induce cell death because buthionine sulfoximine, an inhibitor of g-glutamylcysteine ligase, does not kill dopaminergic cells (Toffa et al., 1997) . However, GSH depletion enhances cell death when mitochondrial function is inhibited (Zeevalk et al., 1998) . Clearly, the effects are quite complex, and likely involve both oxidative stress-induced macromolecular damage and disruption of redox signaling. Nevertheless, the loss of GSH in the substantia nigra may explain, at least in part, the apparent discrepancy between the widespread complex I deficiency in different tissues versus the selective cell death in the nigral dopaminergic cells.
Another more speculative possibility for the sensitivity of the central nervous system to GSH depletion is that GSH may function as a neuromodulator or neurotransmitter, and thus any change in either GSH levels, turnover rates, or oxidation state would adversely affect central nervous system activity (Cobb et al., 1982; Guo et al., 1992; Janá ky et al., 1999 Janá ky et al., , 2000 Janá ky et al., , 2007 Oja et al., 2000) . Note that GSH is made up of three neuroactive amino acids (glutamate, cysteine, and glycine), and thus this peptide may be viewed as a storage or precursor form for these biologically active molecules. Glutamate and glycine are known excitatory and inhibitory neurotransmitters, respectively, but cysteine also has excitatory effects at the N-methyl-D-aspartate (NMDA) class of glutamate receptors. Degradation of extracellular GSH by g-glutamyl transpeptidase liberates glutamate (and cysteinylglycine) at specific sites within the brain, and the subsequent peptidase-mediated hydrolysis of cysteinylglycine liberates cysteine and glycine. In addition to functioning as a source of neuroactive amino acids, there is growing evidence that GSH itself is a neurotransmitter or neuromodulator (Cobb et al., 1982; Guo et al., 1992; Leslie et al., 1992; Ogita et al., 1995; Janá ky et al., 1999 Janá ky et al., , 2000 Janá ky et al., , 2007 Oja et al., 2000) . Janá ky et al. (2000) identified putative GSH binding sites in pig cerebral cortical synaptic membranes, and suggested the presence of a glutathione receptor, although this has not yet been firmly established.
However, there is strong evidence that GSH is both a ligand and modulator of the NMDA receptor (Leslie et al., 1992; Ogita et al., 1995; Janá ky et al., 1999; Oja et al., 2000) , and thus may be involved in diseases that relate to this receptor, including schizophrenia (Do et al., 2000; Jacobsen et al., 2005) . Interestingly, Matsuzawa et al. (2008) recently reported that although overall levels of GSH in the posterior medial frontal cortex of schizophrenic patients are not different from those of normal controls, there was a significant correlation between GSH levels and the severity of symptoms in patients. Matsuzawa et al. (2008) suggested that therapies aimed at increasing GSH levels in the affected brain regions may benefit schizophrenic patients. In this regard, Lavoie et al. (2008) recently demonstrated that administration of Nacetylcysteine improves mismatch negativity in schizophrenic patients, although the mechanism by which N-acetylcysteine exerted its effects remain to be identified.
The critical role played by GSH in neuronal survival provides a strong rationale for the development of therapies aimed at restoring brain GSH levels (Zeevalk et al., 2008) . However, to date these approaches have generally met with little success, as there are significant obstacles to the delivery of GSH to the target neurons, including the absence of selective GSH uptake transporters, the relative impermeability of the blood-brain barrier, and the fact that cysteine, which is rate-limiting for GSH synthesis, may be cytotoxic when administered at high doses. For example, attempts to deliver GSH systemically through mini-osmotic pumps (50 mg/kg per day) failed to elevate GSH levels in the rat brain (Zeevalk et al., 2007) . Pinnen et al. (2007) attempted to deliver GSH to dopaminergic neurons by covalently linking GSH to L-dopa, a precursor of dopamine and a cornerstone treatment of Parkinson's disease (Pinnen et al., 2007) ; however, because these derivatives are rapidly cleared from blood plasma, they are unable to increase neuronal GSH. Because cysteine can cross the blood-brain barrier, this amino acid represents an alternative approach to increasing GSH; however, the potential excitotoxicity induced by high cysteine concentrations poses a significant limitation to this strategy. In a recent study, Trinh et al. (2008) took a different approach: using Drosophila genetic models of Parkinson's disease, they were able to attenuate neuronal loss by using the chemicals sulforaphane and allyl disulfide to induce GSH biosynthetic enzymes. However, it is not known whether these chemicals actually induced these enzymes and increased GSH levels in the brain, nor whether they would produce the same effects in vertebrate animal models.
Overall, growing evidence supports the protective effect of GSH in neurodegenerative disorders, and especially in Parkinson's disease; however, no effective therapies have yet been identified that can enhance GSH levels in affected brain regions. Additional strategies that could be explored to enhance brain GSH levels include the administration of lipophilic GSH-derivatives or precursors, the administration of drugs to induce GSH biosynthetic enzymes or to inhibit g-glutamyl transpeptidase (and thus inhibit GSH degradation), and/or the administration of GSH export inhibitors. However, given that GSH plays multiple critical roles in all cells of the body, each of these potential approaches has many limitations and is likely to have many unintended consequences unless selectively targeted and rigorously controlled.
Other diseases of aging
In addition to the neurologic diseases discussed above, GSH is strongly associated with other age-related pathologies (Samiec et al., 1998) . As individuals age, there is a gradual lowering of GSH levels and of general antioxidant defenses, as well as a decline in the ability of these systems to be induced by exogenous stimuli (Lang et al., 1992; Rikans and Hornbrook, 1997; Knight, 2000; Viveros et al., 2007) , and this decline is associated with a higher incidence of age-related chronic illnesses (Lang et al., 2000) . Although the exact connection and mechanisms for these events are unknown, decreased activity of g-glutamylcysteine ligase and glutathione synthetase (Sethna et al., 1982) , g-cystathionase (Sastre et al., 2005) , and glutathione reductase (Holleschau and Rathbun, 1994; Katakura et al., 2004 ) are thought to be contributing factors.
GSH is normally present in high levels in the ocular lens, cornea, aqueous humor, and retina, where it performs multiple roles, including maintaining normal tissue hydration and lens transparency, and protecting against oxidative damage. GSH levels decline in human eyes with age (Harding, 1970) , and the decreased GSH levels have been associated with several age-related eye disorders, including age-related nuclear cataracts (Pau et al., 1982; Bhat et al., 1991) , glaucoma (Moreno et al., 2004) , and macular degeneration (Sternberg et al., 1993) .
Oxidation is the hallmark of age-related nuclear cataracts. Oxidation of methionine and cysteine residues and the loss of thiol groups in structural proteins increase progressively as cataracts worsen. Because the lens depends on a balanced thiol redox state for maintaining complete transparency, high GSH levels are important for protecting protein thiol groups against reactive oxygen species. In the central region of cataractous lenses, an increase in GSSG leads to an imbalanced GSH/GSSG ratio and extensive nuclear protein modifications, including oxidation, insolubilization, and cross-linking (David and Shearer, 1984) , along with a loss of GSH (Calvin et al., 1986 ). The retina is especially susceptible to oxidative stress owing to its high consumption of oxygen and exposure to light. Likewise, GSH is a major antioxidant in the retina, and depletion of GSH has been associated with the etiology of two major retinopathies: age-related macular degeneration and glaucoma. Age-related macular degeneration is a complex multi-factorial disease that affects the central region of the retina. Although the exact etiology is not known, oxidative damage to the retinal pigment epithelium has been implicated in the pathogenesis of this disease (Young, 1987 (Young, , 1988 . In patients with exudative age-related macular degeneration, plasma GSH and total thiol content decrease significantly (Coral et al., 2006) . Deficiency of GSH synthesis (Sternberg et al., 1993) and GSH recycling (Cohen et al., 1994) in the retinal epithelial cells may be responsible for the decline. Although increased intraocular pressure is a major risk factor for glaucoma, progressive apoptotic loss of retinal ganglion cells is the ultimate reason for vision loss in all cases of glaucoma (Kerrigan-Baumrind et al., 2000) . Apoptosis of retinal ganglion cells can be induced by GSH depletion, involving the production of endogenous oxygen reactive species (Maher and Hanneken, 2005) . Retinal GSH levels significantly decrease in the experimental rat glaucoma model (Moreno et al., 2004 ). As illustrated above, compromised antioxidant defense systems are commonly associated with age-related eye diseases, and thus antioxidant supplements have become one of the therapeutic strategies for preventing or delaying the onset of ocular disorders (Head, 2001 ). For example, patients with age-related macular degeneration benefit from antioxidant administration (Moriarty-Craige et al., 2005) . Hearing impairment is another common age-related chronic condition associated with the production of reactive oxygen species (Knight, 2000; Seidman et al., 2002; Jiang et al., 2007) . Age-related hearing loss develops earlier and is more severe in mice deficient in superoxide dismutase (McFadden et al., 1999a (McFadden et al., ,b, 2001 . Likewise, targeted mutation of the gene for cellular glutathione peroxidase increases noise-induced hearing loss in mice (Ohlemiller et al., 2000) .
Oxidative stress is also thought to be involved in the pathogenesis of osteoporosis (Isomura et al., 2004; Sanchez-Rodriguez et al., 2007) . Post-menopausal osteoporosis is characterized by bone mass loss and micro-architectural deterioration, resulting in decreased biomechanical competence and, consequently, increased risk of fracture. In post-menopausal osteoporotic women, osteoblastic activity is consistently depressed as osteoclastic activity is enhanced, indicating that reactive oxygen species play a major role in bone metabolism (Sontakke and Tare, 2002) . Glutathione peroxidase and superoxide dismutase activity is significantly lower in osteoporotic women, suggesting that compromised antioxidant defenses play an important role in the development of osteoporosis (Maggio et al., 2003; Ozgocmen et al., 2007a,b) . In mice, N-acetylcysteine stimulates osteoblast differentiation in part by increasing GSH synthesis (Jun et al., 2008) . Dietary supplementation with N-acetylcysteine is able to completely block bone loss associated with ovariectomy in rodents (Lean et al., 2003; Lee et al., 2005) , and also shows some beneficial effects in slowing bone resorption in early post-menopausal women (Sanders et al., 2007) . Given these findings, it would be of interest to examine whether clinical therapy with GSH precursors or derivatives or antioxidant supplements in early post-menopausal women would have significant health and economic benefits.
Cancer
GSH also plays an important role in cancer development and treatment, and several recent reviews have addressed this topic (e.g., Balendiran et al., 2004; Estrela et al., 2006) . Thus, only a brief discussion will be presented here. It is now well established that reactive oxygen species and electrophilic chemicals can damage DNA, and that GSH can protect against this type of damage (Valko et al., 2007) . GSH can also directly detoxify carcinogens through phase II metabolism and subsequent export of these chemicals from the cell. On the other hand, elevated GSH levels are observed in various types of cancerous cells and solid tumors, and this tends to make these cells and tissues more resistant to chemotherapy (Calvert et al., 1998; Balendiran et al., 2004; Estrela et al., 2006) . Some cancer cells also exhibit higher g-glutamylcysteine ligase and g-glutamyl transpeptidase activities, and higher expression of the GSH-transporting MRP/ABCC export pumps (O'Brien and Tew, 1996; Estrela et al., 2006) .
Cancer cells also tend to be more resistant to apoptosis, and although the mechanism is not well understood, a role for GSH has been proposed (Table 4) (Estrela et al., 2006; Ballatori et al., 2008) . A more reduced intracellular environment is thought to facilitate proliferation and reduce apoptosis of the tumor cells (Schafer and Buettner, 2001; Estrela et al., 2006) . GSH levels are able to influence the apoptotic process by affecting caspase and transcription factor activation, ceramide production, thiol-redox signaling, and phosphatidylserine externalization (Hammond et al., 2001; Ballatori et al., 2005) . GSH levels also appear to be influenced by Bcl-2 family anti-apoptotic proteins. The oncogene Bcl-2 was initially reported to have antioxidant functions based on the phenotype of the Bcl-2-deficient mouse and reduced lipid peroxidation in cells overexpressing Bcl-2 (Hockenbery et al., 1993; Veis et al., 1993; Hochman et al., 1998) . These antioxidant properties may be related to the correlation between high Bcl-2 or Bcl-X L levels and elevated intracellular GSH levels (Celli et al., 1998; McCullough et al., 2001; Ortega et al., 2003; Benlloch et al., 2005) . The mechanism by which Bcl-2 expression alters intracellular GSH levels is unknown and may be cell type-dependent, as not all cells overexpressing Bcl-2 have elevated GSH levels (Schor et al., 2000) . High intracellular GSH levels have been reported to be caused by an increase in g-glutamylcysteine ligase due to NF-kB activation (Jang and Surh, 2004) and by a decrease in GSH efflux (Bojes et al., 1997; Meredith et al., 1998; Schor et al., 2000; Ortega et al., 2003; Benl-loch et al., 2005) . In addition, it has also been suggested that Bcl-2 can act as a pro-oxidant and increase reactive oxygen species generated by mitochondria, and thus the increase in GSH is in response to the oxidative stress conditions (Kowaltowski and Fiskum, 2005) .
As noted above, a higher GSH content in some cancer cells makes these cells chemoresistant, which is a major factor that limits the effectiveness of drug treatment (Calvert et al., 1998) . Overexpression of specific glutathione S-transferases can also affect chemoresistance, whereas polymorphisms that decrease glutathione S-transferase activity are associated with elevated risk of developing certain cancers (Balendiran et al., 2004; Masella et al., 2005) . Elevated expression of glutathione S-transferases combined with high GSH levels can increase the rate of conjugation and detoxification of chemotherapy agents, thus reducing their effectiveness. In addition, increased expression levels of the MRP/ABCC transporters can contribute to chemoresistance. Nearly all members of the MRP/ABCC family of transporters are known to transport GSH conjugates and/or GSH itself, and thus are likely involved in chemoresistance (Ballatori et al., 2005 (Ballatori et al., , 2008 Conseil et al., 2005; Deeley et al., 2006) . Elevated expression of MRP1 has been observed in a variety of hematological and solid tumors, and increased expression levels of other MRP transporters are found in a few cancerous tissues (Leslie et al., 2005; Deeley et al., 2006) . Furthermore, mice deficient in Mrp1, Mrp2, and Mrp4 are more sensitive to certain chemotherapeutic agents, indicating that the MRP/ABCC family of transporters is important in chemoresistance (Lorico et al., 1997; Wijnholds et al., 1998; Conseil et al., 2005; Vlaming et al., 2006) .
To circumvent the protective effects of GSH in cancer chemotherapy, GSH depletion strategies, such as Lbuthionine sulfoximine inhibition of GSH synthesis, have been employed (Calvert et al., 1998; Balendiran et al., 2004) ; however, there are potential drawbacks to this approach, including deleterious effects on non-cancerous tissues (Estrela et al., 2006) .
Cardiovascular diseases
The major cardiovascular diseases associated with redox imbalances are hypertension and atherosclerosis. As reviewed by Leopold and Loscalzo (2005) , polymorphisms in antioxidant enzymes, including glutathione peroxidases and glutathione S-transferases, are associated with an increased risk of vascular disease due to increases in reactive oxygen species accumulation (Table  4 ). In particular, glutathione peroxidase polymorphisms appear to increase the risk of developing coronary heart disease, stroke, and cerebral venous thrombosis, and glutathione S-transferase polymorphisms are associated with elevated inflammatory markers and an increased risk of coronary heart disease in smokers (Leopold and Loscalzo, 2005) . Thioredoxin and glutaredoxin also play an important role in protection against cardiovascular disease through ameliorating the effects of reactive oxygen species and inflammation (Berndt et al., 2007) .
Additional studies have also strengthened the connection between GSH and cardiovascular conditions. The development of hypertension is associated with increases in reactive oxygen species in endothelial cells, and angiotensin II can induce hypertension and is an important stimulus for the production of reactive oxygen species. Widder et al. (2007) demonstrated that angiotensin II-induced hypertension is prevented in Mrp1 -/-mice, and this was attributed to the increase in GSH levels in the vascular endothelial cells of these mice owing to decreased export of GSH. In addition, GSH hydrolysis via g-glutamyl transpeptidase may be associated with the progression of atherosclerosis (Emdin et al., 2005) . It has been suggested that the presence of g-glutamyl transpeptidase in atherosclerotic plaques may lead to increases in reactive oxygen species and LDL oxidation through the reactions of cysteinylglycine and iron (Emdin et al., 2005) . It has been speculated that these oxidative events can lead to the release of the atherosclerotic plaques, thus increasing the risk of myocardial infarction and stroke (Emdin et al., 2005) . One strategy for attenuating atherosclerosis and overcoming LDL and HDL oxidation may be to administer GSH entrapped in liposomes, as suggested by Rosenblat et al. (2007) . Liposomal GSH administered to a mouse model of atherosclerosis diminished blood plasma and macrophage oxidative stress levels and macrophage cholesterol mass (Rosenblat et al., 2007) .
Pulmonary diseases
An imbalance in GSH homeostasis and in thiol-redox state is also thought to contribute to the etiology and/or progression of both chronic obstructive pulmonary diseases (COPD), such as emphysema and asthma, and to more acute lung diseases, such as acute respiratory distress syndrome. As in other tissues, the regulation of GSH levels in the lung is quite complex (Rahman, 2005; Kinnula et al., 2007) . The redox sensitive transcription factor Nrf2 plays a key role in regulating the expression of numerous antioxidant genes, including g-glutamylcysteine ligase, the glutathione S-transferases, and glutathione peroxidases (Motohashi and Yamamoto, 2004; Rahman, 2005; Singh et al., 2006; Kinnula et al., 2007; Sibhatu et al., 2008) , and a number of environmental and occupational factors are thought to disrupt this regulation and contribute to lung disease. Nrf2 and glutathione peroxidase 2 levels are reduced in lung tissue from emphysema patients, whereas Keap1 is increased (Goven et al., 2008) . In COPD, Nrf2-regulated antioxidants, including GSH, are decreased due to the loss of DJ-1, a protein that stabilizes Nrf2 protein by impairing its disassociation from Keap1 (Malhotra et al., 2008) . Nrf2 also appears to control the GSH content through regulating the expression of Mrp1, a GSH exporter whose levels are greatly diminished in the absence of Nrf2 (Hayashi et al., 2003; Sibhatu et al., 2008) . In addition to the regulation of GSHrelated genes, some conditions lead to the formation of non-reducible glutathione-aldehyde derivatives (e.g., GSH adducts with acrolein and crotonaldehyde from cig-arette smoke), thereby depleting the total available GSH pool (van der Toorn et al., 2007) .
Polymorphisms of glutathione-related enzymes are also associated with increased risk for some lung diseases. As summarized by Bentley et al. (2008) , polymorphisms in the enzymes g-glutamylcysteine ligase (catalytic and modulatory subunits) and glutathione Stransferases M1 and P1 may contribute to increased risk of COPD. These polymorphisms in combination with other risk factors, such as smoking and low vitamin C intake, likely contribute to decreased lung function (Siedlinski et al., 2008) . Glutathione S-transferase M1 and glutathione S-transferase P1 deficiencies also appear to increase the risk of childhood asthma and other adverse health effects from current and in utero passive smoking (Kabesch et al., 2004) .
Owing to the importance of GSH to lung diseases, many studies have evaluated the beneficial effects of antioxidants, including N-acetylcysteine and the polyphenol resveratrol, in various drug pathologies (Rahman, 2005; Kode et al., 2008) . In addition, GSH itself may also be a therapeutic option. Recent studies suggest that direct administration of GSH or inhibition of its catabolic enzyme g-glutamyl transpeptidase may be protective against epithelial cell induction of asthma (Lowry et al., 2008) .
Cystic fibrosis
GSH appears to play a major role in the etiology, progression, and potential treatment of cystic fibrosis, the most common hereditary disorder in Caucasian populations (Davies et al., 2007) . In 1989, Riordan and colleagues identified a chloride channel, the cystic fibrosis transmembrane conductance regulator (CFTR/ABCC7), which is mutated and non-functional in cystic fibrosis (Riordan et al., 1989) . CFTR contributes to anion flow in epithelial cells of the airways, pancreas, intestines, and sweat glands, which when absent leads to pancreatic insufficiency, male infertility, chronic inflammation, and the collection of mucus in airways that leads to increased bacterial infections in the lung. The recurrent lung infections cause the majority of morbidity and mortality in cystic fibrosis. Of significance, patients with cystic fibrosis have decreased GSH levels in lung epithelial lining fluid and blood plasma; however, GSH levels in the lung itself appear to be unaffected (Roum et al., 1993) . In normal individuals, GSH is elevated 140-fold in epithelial lining fluid compared to blood plasma levels and has several functions, including breaking disulfide bonds to reduce the viscosity of mucus, affecting mucus hydration, and regulating inflammation and the immune response (Cantin et al., 1987 (Cantin et al., , 2007 Hudson, 2001) . Given that CFTR is present on the apical side of lung epithelial cells and that it may transport GSH, it may be responsible for delivery of GSH into epithelial lining fluid; however, this has not yet been established (see below).
Neutrophil GSH levels may also be decreased in cystic fibrosis patients, and this could contribute to the excessive recruitment to airways, abnormal function, and increased necrosis of neutrophils observed in these patients (Tirouvanziam et al., 2006) . Similar to cystic fibrosis patients, the CFTR-deficient mouse has decreased GSH content in the epithelial lining fluid; whereas, lung tissue GSH levels remain the same as wild type mice (Velsor et al., 2001) . GSH increases in the epithelial lining fluid after Pseudomonas aeruginosa infection in wild type mice; however, this increase after infection is absent in CFTR -/-mice (Day et al., 2004) . The inability to increase GSH in the epithelial lining fluid may contribute to the poor response to infection seen in cystic fibrosis patients.
Exactly how CFTR influences GSH transport is still under debate. CFTR is a member of the MRP/ABCC family of proteins which include the GSH transporting MRPs. CFTR was originally shown to allow passage of GSH using the patch clamp technique (Linsdell and Hanrahan, 1998) , and more recently direct transport of GSH on CFTR has been demonstrated in membrane vesicle and proteoliposome experiments (Kogan et al., 2003) . Interestingly, GSH appears to inhibit CFTR ATPase activity (Kogan et al., 2001) , and this inhibition may alter the properties of CFTR such that it now favors GSH flux over chloride flux (Kogan et al., 2003) . Although CFTR has been shown to transport GSH in artificial systems, whether or not this occurs physiologically is still controversial. Cells from cystic fibrosis patients lacking functional CFTR still transport GSH (Gao et al., 1999) , albeit at a significantly slower rate. When chloride transport is restored to these cells by an artificial peptide channel that cannot transport or conduct GSH itself, GSH transport increases to a normal rate (Gao et al., 2001) . In addition, mRNA for MRP1, a known GSH transporter, is decreased in nasal ciliated cells with mutated CFTR, and further decreased in cells more severely compromised in basal chloride conductance (Hurbain et al., 2003) . Thus, CFTR may not actually conduct GSH, but may regulate its transport indirectly through chloride transport. Furthermore, CFTR interacts with the outwardly rectifying chloride channel, the renal outer medullary potassium channel, and the epithelial sodium channel and is necessary for their proper functioning (Schwiebert et al., 1999) , and it is possible that CFTR also interacts with MRP transporters or other GSH transport proteins. Along these lines, CFTR has been shown to functionally and physically associate with MRP4, a cAMP transporter that can modulate CFTR activity by altering cAMP levels (Li et al., 2007) . MRP4 is also a putative GSH transporter, and although not examined by Li et al. (2007) it is possible that GSH transport could be affected by this interaction.
Cystic fibrosis airways are not only exposed to normal environmental oxidant burden from inhalation, but are also exposed to oxidants from increased inflammation and infections present in the lungs. Combined with low GSH levels in epithelial lining fluid and neutrophils/blood plasma, the oxidant stress in cystic fibrosis is magnified. Increasing or restoring normal GSH levels in cystic fibrosis patients has the potential to counteract these oxidative stress conditions. Inhaled GSH increases epithelial lining fluid GSH levels modestly without causing a systemic increase in GSH (Buhl et al., 1990; Roum et al., 1999) . A few clinical studies have assessed lung function improvements due to inhaled GSH in cystic fibrosis patients with modest success (Griese et al., 2004; Bishop et al., 2005) . The treatments are well tolerated by patients; however, one concern is that GSSG increases after treatment and may have negative effects on the redox status (Roum et al., 1999) . Additionally, inhaled GSH may cause life-threatening bronchoconstriction in sensitive patients and those who have asthma, particularly if the pH of the GSH solutions is not adjusted prior to their administration (Marrades et al., 1997; Prousky, 2008) .
N-Acetylcysteine has been used as a mucolytic agent in cystic fibrosis for decades, although the actual benefits of N-acetylcysteine for improving lung function in cystic fibrosis are still being debated (Duijvestijn and Brand, 1999; Aitio, 2005) . Inhaled N-acetylcysteine is thought to increase clearance of sputum in the airways by reducing disulfide bonds and lowering mucus viscosity, but does not increase systemic GSH levels (Atkuri et al., 2007) . Oral N-acetylcysteine administration, on the other hand, increases GSH levels by providing the liver with an increased supply of cysteine, promoting an increase in GSH synthesis. Oral N-acetylcysteine treatment has been shown to increase neutrophil and whole blood concentrations of GSH, diminish neutrophil recruitment to airways, and decrease elastase activity, a measurement of cystic fibrosis lung dysfunction, although other measurements of lung function did not improve (Tirouvanziam et al., 2006) . Analysis of five additional studies on lung function after N-acetylcysteine treatment show small improvements in lung function (Duijvestijn and Brand, 1999) ; however, each of these studies are short-term studies, and long-term evaluation of N-acetylcysteine benefits to lung function are lacking.
Therapeutic intervention with S-nitrosoglutathione may also benefit cystic fibrosis patients. S-Nitrosoglutathione is an endogenous molecule that relaxes airway smooth muscle, improves motility of airway cilia, and has antimicrobial effects (Hudson, 2001) . Lung S-nitrosoglutathione levels are decreased in cystic fibrosis patients (Grasemann et al., 1999) . Inhalation of S-nitrosoglutathione has been shown to be well tolerated by a small group of cystic fibrosis patients and led to a modest increase in oxygenation (Snyder et al., 2002) . Adding physiological levels of S-nitrosoglutathione to cell lines expressing DF508-CFTR and primary nasal epithelia cells of cystic fibrosis patients improves maturation of CFTR, expression on the plasma membrane, and chloride flux (Zaman et al., 2001; Andersson et al., 2002; Howard et al., 2003; Chen et al., 2006; Servetnyk et al., 2006) . However, S-nitrosoglutathione may need to be used in conjunction with an additional treatment that would aid protein stability, because DF508-CFTR appears to be unstable at the plasma membrane after S-nitrosoglutathione treatment (Howard et al., 2003) .
Inflammatory and immune system diseases
Mounting attention is being given to the role thiol status plays during the onset and progression of inflammatory and autoimmune states, as well as the effectiveness of thiol repletion therapies in the treatment of immune diseases. Cellular GSH levels affect T helper cell maturation (Peterson et al., 1998) , T cell proliferation (Messina and Lawrence, 1989) , viral replication (Staal et al., 1990; Palamara et al., 1995; Cai et al., 2003) , as well as susceptibility to reactive species secreted by inflammatory cells. Maintaining proper T cell function is critical for eliciting an appropriate immune response, as abnormalities often result in disease. Additionally, many correlations exist between immune system dysfunction and alterations in GSH levels, as summarized below. In most cases, the mechanism for the change in GSH levels has not been identified.
GSH and Th1/Th2 balance
T helper cells play an important role in directing appropriate immune responses. T helper 1 cells (Th1) drive cellular immunity and combat viruses, intracellular pathogens, as well as cancer cells; whereas, T helper 2 cells (Th2) elicit humoral immunity and increase antibody production to battle multicellular organisms. Th1/Th2 imbalance is a hallmark in many immune diseases (Romagnani, 1996) . The Th1 response is overactive in a number of organ-specific autoimmune diseases, including rheumatoid arthritis, type 1 diabetes, and multiple sclerosis; whereas, the Th2 pathway activity is associated with allergy and IgE-based disease, and systemic autoimmunity (Kidd, 2003) . A number of factors influence Th1/Th2 maturation, including GSH levels. Peterson et al. (1998) reported that GSH depletion in antigen presenting cells inhibit Th1-related cytokine production winterferon-g (IFN-g) and interleukin 12 (IL-12)x and supports the Th2-mediated humoral immune response. Furthermore, when antigen presenting cells have high intracellular GSH levels they secret cytokines that favor the development of Th1 cells (Murata et al., 2002) . In addition, Murata et al. (2002) found that specific cytokines can alter GSH levels in antigen presenting cells. Exposure to IFN-g, a Th1 cytokine, resulted in increased GSH levels, whereas exposure to IL-4, a Th2 cytokine, resulted in decreased intracellular GSH. Because GSH has a significant impact on the immune system's ability to activate the appropriate Th response, altering its levels may have significant implications in Th1/Th2-related diseases.
Interestingly, low GSH levels are associated with many autoimmune and inflammatory diseases, including rheumatoid arthritis (Hassan et al., 2001) , systemic lupus erythematous (Perl et al., 2004 ), Crohn's disease (Sido et al., 1998) , multiple sclerosis (Zargari et al., 2007) , psoriasis (Kokcam and Naziroglu, 1999) , and contact dermatitis (Eisen et al., 2004) . However, because this list of diseases does not fall exclusively into the category of a Th1-dominant or Th2-dominant disorder, it suggests that compromised GSH levels may be a more critical factor in the initial onset of these conditions. This hypothesis is supported by the observation that in systemic lupus erythematous Th2 dominance occurs in early disease stages (Horwitz et al., 1998) , and that Th1 commitment then prevails in later disease progression (Akahoshi et al., 1999) .
In general, high oxidant burdens are a common feature in many immune dysfunctions and GSH plays a major role in quenching these oxidant species, and hence protecting the cell from damage. Therefore, any decrease in GSH may influence the immune system through perpetuating reactive species signaling events and increasing ROS-related damage. Interestingly, a number of stimuli in concentrations that deplete GSH levels, such as ethanol, irradiation, cyclophosphamide, and stress, are known to alter the immune response (Peterson et al., 1998) . Recently, there has been growing interest in reports that associate acetaminophen use (a well-known GSH-depleting agent), with an increased risk of asthma (Shaheen et al., 2000; Barr et al., 2004; Eneli et al., 2005; McKeever et al., 2005) .
GSH and viral infection
In addition to affecting Th1/Th2 balance, intracellular thiols have been implicated in T cell proliferation that occurs during viral infection (Hamilos et al., 1989; Messina and Lawrence, 1989; Hadzic et al., 2005) . In particular, low intracellular GSH levels are observed in HIV-infected individuals and are associated with decreased survivability of affected patients (Herzenberg et al., 1997) . GSH levels are lower in blood plasma, epithelial lining fluid, peripheral blood mononuclear cells, and monocytes of HIVinfected individuals (Buhl et al., 1989) . Neither the mechanism for the GSH depletion nor the functional significance of the lower GSH levels is as yet known. Interestingly, the lower GSH levels tend to favor HIV viral replication, and thus may facilitate progression of the disease. How this occurs is not clear, although there is evidence that GSH deficiency enhances the signal transduction pathways associated with HIV expression (Duh et al., 1989) . Decreased GSH levels are known to activate NF-kB, which has been shown to bind and activate genes controlled by the HIV long terminal repeat (Duh et al., 1989) , and thus may affect viral replication. Supplementation with N-acetylcysteine has been demonstrated to block HIV long terminal repeat gene expression (Staal et al., 1990) . Additionally, CD4 q lymphocyte depletion accompanies HIV progression and decreases in GSH levels contributes to apoptosis in these CD4 q cells (Suthanthiran et al., 1990) .
In vitro and in vivo experiments show that enhanced GSH levels also inhibit replication of both the influenza virus (Nencioni et al., 2003) and the herpes simplex virus (Vogel et al., 2005) . Not only do GSH levels appear to affect the activity of invading viruses, but they also affect the activation of important cell signaling pathways associated with the host immune system response. There are many ways that GSH affects cell signaling, including modulating intracellular free radicals, maintaining the thiol status of proteins, and covalently binding cysteine moieties in cytosolic proteins (S-glutathionylation; Table  2 ). One example that is especially important to the regulation of immune function is the sensitivity of tyrosine phosphatase activity to intracellular thiol status (Zipser et al., 1997; Mustelin et al., 2005) . Lower GSH levels accentuate H 2 O 2 -induced tyrosine phosphorylation (Iantomasi et al., 2001) .
Not surprisingly, there have been interesting connections between GSH levels and cell signaling pathways involved in immune responses. Bruchhausen et al. (2003) reported that thiols, such as N-acetylcysteine, are specifically able to inhibit contact sensitization reactions in antigen-presenting cells via inhibition of tyrosine phosphorylation, whereas other antioxidants, such as absorbic acid and a-tocopherol, were ineffective. Additionally, incubation with thiols was able to improve defects in tyrosine phosphatase activity and proliferative responses in HIV-infected CD4 q lymphocytes (Cayota et al., 1996) .
Diabetes mellitus
GSH synthesis and metabolism are also altered during hyperglycemia and diabetes. Diabetes mellitus is characterized by hyperglycemia, the chronic prolonged elevation of glucose, and insulin deficiency. Type 1 diabetes is characterized by an autoimmune destruction of the insulin-producing b-cells in the pancreas. Increases in reactive oxygen species from macrophages and inflammation are thought to contribute to the initial destruction of b-cells (Kaneto et al., 2007) . Type 2 diabetes occurs through a variety of polygenic and environmental origins, such as obesity, that result from a combination of insulin insensitivity in peripheral tissues and/or a pancreatic bcell insulin producing deficiency. Complications of diabetes include: pathology of the retina, renal glomerulus, peripheral nerve damage, and acceleration of atherosclerotic disease affecting arteries to the heart, brain, and lower extremities, all of which can lead to amputations, blindness, kidney failure, and death. Interestingly, GSH concentrations are lower in erythrocytes and blood plasma of diabetic patients and patients with metabolic syndrome, who are at high risk for developing diabetes (Yoshida et al., 1995; Sharma et al., 2000; Giral et al., 2008) . Lower levels of GSH in diabetics potentiate the effects of the increased reactive oxygen species. GSH levels appear to be diminished by at least two different mechanisms: direct effects of glucose and insulin on GSH synthesis and by consumption of a cofactor required for GSH regeneration from GSSG (i.e., NAPDH) via the polyol pathway. The first enzyme of the polyol pathway is aldose reductase, which converts glucose to sorbitol through an NADPH-dependent reaction. Interestingly, aldose reductase activity appears to be regulated by S-glutathionylation (Table 2; Cappiello et al., 2001) , providing an additional link between GSH and these disease states. Changes in GSH-dependent enzyme activities, such as glutathione peroxidase, g-glutamyl transpeptidase, and glutathione S-transferase, are also noted in diabetes.
Effects of insulin and glucose on GSH synthesis
Hyperglycemia and insulin appear to regulate GSH levels through g-glutamylcysteine ligase, the rate limiting enzyme for GSH synthesis. Prolonged exposure to high glucose conditions leads to a decrease in cellular GSH levels and decreases in mRNA for both the catalytic and regulatory subunits of g-glutamylcysteine ligase (Urata et al., 1996; Lu et al., 1999; Catherwood et al., 2002) . Decreases in g-glutamylcysteine ligase activity have also been observed in erythrocytes of diabetic patients (Yoshida et al., 1995) . Activity of glutathione synthetase, the other enzyme involved in GSH synthesis, does not appear to be effected in diabetes (Lu et al., 1992) . In contrast to the effect of glucose on GSH levels, high and physiological levels of insulin increase GSH content, gglutamylcysteine ligase catalytic subunit mRNA and protein, and g-glutamylcysteine ligase activity levels in primary rat hepatocytes (Lu et al., 1992; Cai et al., 1995; Kim et al., 2004b) . Insulin also increases GSH content in cultured erythrocytes from diabetic patients (Bravi et al., 2006) . Protein and mRNA levels of the catalytic subunit of g-glutamylcysteine ligase appear to increase to a greater extent than GSH content in response to insulin treatment (Kim et al., 2004b) . Insulin does not affect the regulatory subunit of g-glutamylcysteine ligase and this may be a limiting factor in the increase in GSH levels (Cai et al., 1997; Kim et al., 2004b) . Therefore, as high glucose/low insulin levels are known to increase reactive oxygen species, the concomitant decrease in GSH synthesis and GSH levels will weaken cellular defenses against oxidative stress.
The polyol pathway
The polyol pathway may lead to a reduction in GSH due to the consumption of NADPH in converting glucose to sorbitol by the enzyme aldose reductase (Brownlee, 2001) . Under normal glucose conditions, little glucose is reduced by this pathway; however, during hyperglycemic conditions, glucose reduction by the polyol pathway increases along with a decrease in NADPH levels. The consumption of NADPH in this pathway may compromise the regeneration of reduced GSH, because glutathione reductase uses NADPH to convert GSSG back to GSH. Under oxidative stress conditions, this may lead to GSH depletion.
Lower glutathione peroxidase activity in pancreatic b-cells
Pancreatic b-cells are at high risk for oxidative damage due to comparably lower levels of antioxidant enzymes than other tissues, including glutathione peroxidase, superoxide dismutase, and catalase (Tiedge et al., 1997) . Exposure to high glucose concentrations does not increase expression of glutathione peroxidase in islet cells, as seen in other tissues (Tiedge et al., 1997) . The low initial levels of glutathione peroxidase and the inability of islet cells to increase glutathione peroxidase expression due to oxidant stress leaves these insulin producing cells vulnerable. In addition, the low GSH levels in diabetes decrease the substrate available for glutathione peroxidase activity, contributing to the low activity observed in the periphery, and leaving these cells less able to detoxify hydrogen peroxides. For example, prolonged exposure to elevated glucose decreases glutathione peroxidase activity in vascular endothelial cells, kidney cells, and brain mitochondria (Urata et al., 1996; Catherwood et al., 2002; Mastrocola et al., 2005) . Furthermore, GSH forms adducts with monosaccharides, which may be elevated in cells during diabetes, and these adducts cannot be used as proper substrates for glutathione peroxidase, which may also contribute to decreased enzyme activity (Januel et al., 2003) .
g-Glutamyl transpeptidase and glutathione S-transferases
Other glutathione-related enzymes, such as g-glutamyl transpeptidase and glutathione S-transferase, appear to be effected by changes in glucose and/or insulin levels, although these enzymes are also altered by reactive oxygen species. Hepatic g-glutamyl transpeptidase activity is increased in a diabetic rat model and insulin treatment restores the g-glutamyl transpeptidase activity to normal (McLennan et al., 1991; Lu et al., 1997) . Bile GSH levels are lower in these models and inhibiting g-glutamyl transpeptidase with acivicin partially restores the GSH levels . The increased breakdown of GSH in bile may contribute to the impaired bile flow that is observed in models of diabetes. In addition, glutathione S-transferases appear to be differentially altered by insulin or glucose levels. a-class glutathione S-transferase is increased by insulin and a and p-class glutathione S-transferase are decreased by glucagon; whereas, m-class glutathione S-transferase is not sensitive to these compounds (Kim et al., 2003) . Transcription of glutathione S-transferase enzymes may also be effected by the redox state and oxidative stress through the antioxidant response element present in the promoter region (Wasserman and Fahl, 1997) . Although the exact ramifications of these changes in g-glutamyl transpeptidase and glutathione S-transferase to the diabetic state are not clear, they further substantiate the importance of GSH metabolism and GSH-dependent enzymes in diabetes.
GSH-based therapies in diabetes
GSH infusion in non-insulin-dependent diabetic patients improves insulin-mediated glucose uptake and erythrocyte GSH levels, although the effects are modest and require a 1-h infusion (De Mattia et al., 1998) . N-Acetylcysteine has also been used to improve the redox state of cells. Treating pancreatic islet cells with N-acetylcysteine prevents the decrease in insulin mRNA and protein content after ribose exposure, and co-treatment with both N-acetylcysteine and a GSH synthesis inhibitor abrogate this effect, suggesting that increases in GSH synthesis protects the islets from toxicity (Tanaka et al., 2002) . Treatment of rat or mouse models that develop characteristics of type 2 diabetes as they age with Nacetylcysteine partially prevents the development of hyperglycemia and the decrease in insulin mRNA that would otherwise occur (Kaneto et al., 1999; Tanaka et al., 1999) . N-Acetylcysteine also reduces apoptosis in pancreatic b-cells of a diabetic mouse model, as the b-cell mass was larger in N-acetylcysteine-treated diabetic mice than untreated diabetic mice (Kaneto et al., 1999) . In addition, N-acetylcysteine administration to streptozotocin-induced diabetic rats prevents apoptosis and other damage to the glomeruli (Odetti et al., 2003) . These results suggest that N-acetylcysteine may attenuate the transition from chronic hyperglycemia to the development of diabetes and could prevent damage in peripheral tissues.
GSH-based therapies may also be beneficial in diabetic pregnancies. Rat embryos incubated in high glu-cose media or from diabetic pregnant rats have less GSH, g-glutamylcysteine ligase activity and g-glutamylcysteine ligase mRNA expression (Trocino et al., 1995; Sakamaki et al., 1999) . After GSH ester supplementation, partial recovery of GSH levels and g-glutamylcysteine ligase activity is observed during hyperglycemic conditions, improving growth and decreasing malformations in embryos incubated in elevated glucose conditions (Trocino et al., 1995) . GSH ester or insulin treatment of diabetic mothers improved GSH concentrations, neural lesions, and growth in the rat embryos (Sakamaki et al., 1999) . Thus, improving GSH status in diabetic mothers may be beneficial for the growth and development of the infant.
Summary
Changes in GSH levels and/or oxidation state have now been reported in nearly all major human diseases. Although in many cases these changes likely occur as a result of the underlying disease progression, in other cases these changes are closely linked to the onset and/or development of the disease. The growing recognition that GSH is involved in critical cell signaling pathways that are regulated by S-glutathionylation and/or by the thiol redox status, and that GSH may function as a neurotransmitter or neuromodulator, provides considerable new insight into possible links between GSH and disease progression, and raises additional questions that can be addressed experimentally. In addition, the recognition that GSH is intimately involved in so many disease states has generated considerable interest in identifying therapies aimed at modulating GSH levels so as to modulate disease risk or progression. Although such therapies have significant hurdles to overcome, they offer significant promise for many human diseases.
